, similar results for the two non-equivalent sites have been found but site fractions are in reverse order. In this alloy, a different contaminating phase, possibly due to HfNi 3 , has been found from PAC measurements but is not found from XRD measurement. Density functional theory (DFT) based calculations of electric field gradient (EFG) and asymmetry parameter (η) at the sites of 181 Ta probe nucleus allowed us to assign the observed EFG fractions to the various lattice sites in (Zr/Hf) 8 Ni 21 compounds.
Introduction
Intermetallic binary alloys between the two elements of A (Hf/Zr/Ti) and B (Fe/Co/Ni) have many technological applications. They have properties like superior strength, corrosion resistance, hydrogen storage capacity, ferromagnetism and have applications in space craft industry, fuel cell etc. The Zr-Ni alloys, particularly, have excellent hydrogen storage properties and have applications in Ni-metal hydride (MH) rechargeable batteries as a negative electrode [1] [2] [3] . The gaseous hydrogen storage characteristics of four intermetallic compounds in the Zr-Ni system viz. Zr 9 Ni 11 , Zr 7 Ni 10 , Zr 8 Ni 21 and Zr 2 Ni 7 were compared by Joubert et al. [1] . It was found that hydrogen storage capacities in hydrogen atoms per metal atom (H/M) for these four compounds are 0.93 (10 bar), 1.01 (10 bar), 0.34 (25 bar) and 0.29 (25 bar) , respectively, at room temperature and the storage capacities for Zr 8 Ni 21 , Zr 2 Ni 7 are completely reversible. The hydrogen reversible capacities for Zr 9 Ni 11 and Zr 7 Ni 10 , are 50% and 77%, respectively. The electrochemical properties of Zr 7 Ni 10 , Zr 9 Ni 11 and Zr 8 Ni 21 were studied by Ruiz et al. [2, 3] and Nei et al. [4, 5] . It was found [3] that Zr 8 Ni 21 alloy had a better charge/discharge performance than Zr 7 Ni 10 and Zr 9 Ni 11 . A detailed review on the electrochemical properties of various compounds of Zr-Ni system for application of these materials in Ni-MH battery was reported by Young et al. [6] . The intermetallic compound ZrNi 5 was reported to have strong ferromagnetic properties by Drulis et al. [7] . A. Amamou [8] reported the electronic structure of various compounds in the Zr-Ni system, namely, Zr 2 Ni, ZrNi, Zr 8 Ni 21 and ZrNi 5 . Both magnetic and structural properties of the A x B y compounds can be studied experimentally by the nuclear technique of perturbed angular correlation (PAC), which uses a suitable radioactive isotope (usually 181 Hf) to characterize the materials. Using this technique, different intermetallic compounds in the Zr-Ni system have recently been studied, namely, ZrNi 5 [9, 10] , Zr 2 Ni 7 [11] and ZrNi [12] . From the studies in ZrNi 5 system [9, 10] , however, no magnetic interaction was found, in contradiction with the result from previous measurements by Drulis et al. [7] .
Considering the important applications of Zr 8 Ni 21 , Zr 9 Ni 11 and Zr 7 Ni 10 as described above, we have done detailed PAC measurements in Zr 8 Ni 21 and Hf 8 Ni 21 intermetallic compounds. To the best of our knowledge, there is no measurement by PAC technique to characterize these materials. From previous studies [13] , a pure single phase Zr 8 Ni 21 was not found to be produced by arc melting preparation. It was found [13] 21 and were confirmed by scanning electron microscopy (SEM)/X-ray energy dispersive spectroscopy (EDS) compositional mapping and transmission electron microscopy (TEM) [13] . However, in the present report, we have studied both Zr 8 • as determined by X-ray diffraction analysis.
In the PAC technique [16] [17] [18] , the angular correlation of a γ-γ cascade in a suitable probe nucleus is perturbed by the interaction of the probe nuclear moments with the electric field gradients/magnetic fields generated at the probe site due to surrounding charge distribution. The crystalline electric field gradient (EFG) and the internal magnetic field in a magnetic material can be determined by the PAC technique if the values of electromagnetic moments of the intermediate level of the probe nucleus are known. As the EFG depends on the charge distribution of the probe-nucleus environment, the temperature evolution of the lattice properties such as crystallographic structure, imperfections or defects, can be monitored by applying PAC technique over a wide temperature range. The combination of PAC measurements and ab-initio calculations proved to be an excellent method to study the structural phase stabilities and the localization of the impurities in the host lattice [19, 20] The perturbation function G 2 (t) for the electric quadrupole interaction in a polycrystalline material is given by [16] 
(1) The frequencies ω i correspond to transitions between the sub-levels of the intermediate state that arise due to nuclear quadrupole interaction (NQI). The parameter δ is the frequency distribution width (Lorentzian damping) which takes care of the chemical inhomogeneities in the sample and τ R is the time resolution of the coincidence set up. Due to the presence of various non-equivalent sites, the perturbation factor G 2 (t) can generally be expressed as
where f i is the site fraction of the i-th component. A fitting to eqn.
(1) determines the maximum component V zz of the electric field gradient from the measured quadrupole frequency ω Q given by
where Q is the nuclear quadrupole moment of the 482 keV intermediate state (2.36 b) . For an axially symmetric EFG (η = 0), ω Q is related to ω 1 , ω 2 and ω 3 by
The principal EFG components obey the relations
The EFG can therefore be designated by two parameters only viz. V zz and η. The asymmetry parameter η is defined as
The TDPAC spectrometer used for present measurements was a four detector LaBr 3 (Ce)-BaF 2 set up with crystal sizes 38×25.4 mm Hf energy window settings. The perturbation function G 2 (t) is found from the four coincidence spectra at 180
• and 90
• . Details of the experimental set up and data analysis can be found in reference [22] .
PAC results

Zr 8 Ni 21
The XRD powder pattern of Zr 8 Ni 21 sample is shown in figure 1 . The X-ray analysis has been carried out using the known crystallographic data of Zr 8 Ni 21 [14] . The XRD spectrum shows no other peaks except for Zr 8 21 and results from ab-initio calculations by density functional theory (discussed later). The component 2 has been attributed to Zr 7 Ni 10 . This follows from the previous X-ray EDS and figure 3 .
At 473 K, however, the PAC spectrum gives two components. The component Zr 8 Ni (2) 21 does not exist at this temperature. In the temperature range 473-973 K, no appreciable changes in results are observed (Table 1 ). But at 1073 K, a drastic change in PAC spectrum is found. At this temperature, the predominant component (∼68%) produces a sharp decrease in quadrupole frequency and asymmetry parameter shows a value equal to zero. This possibly indicates a change in local environment of the probe. The component due to Zr 7 Ni 10 , on the other hand, remains almost unchanged.
To understand the change in PAC spectrum at 1073 K, we have repeated the PAC measurement at room temperature. In the re-measured spectrum at 298 K, the predominant component (∼70%) produces values of ω Q ∼57 Mrad/s, η ∼0. At the remeasured room temperature, it is found that the major component of Zr 8 Ni 21 found initially at room temperature reappears with a much smaller fraction (Table 1) . One additional new component is observed with a very small fraction which can be assigned to Zr 2 Ni 7 by comparing with the previous result in Zr 2 Ni 7 [11] . From SEM/X-ray EDS measurement [13] also, Zr 2 Ni 7 was found in a sample of Zr 8 Ni 21 annealed at 1233 K.
We have performed XRD measurement in a sample of Zr 8 Ni 21 annealed at 1073 K for two days. The XRD spectrum (Fig. 1) shows peaks mainly due to Zr 8 Ni 21 . This indicates that no major structural or compositional phase transformation occurs at 1073 K.
Possible explanation for the predominant component observed at 1073 K and subsequently at room temperature is the following. Probably, the probe 181 Hf was not settled well at the position of Zr 8 Ni 21 and at 1073 K, these probe atoms got enough energy to go out from the position. The major component is, therefore, observed due to the Hf probe itself.
The electric field gradients in metal and intermetallic compound are found to vary with temperature following T or T 3/2 relationship [24] . In Zr 8 Ni 21 , it is found that quadrupole frequencies vary with T 3/2 for both components. For the predominant site Zr 8 Ni (1) 21 (present up to 973 K), the results are fitted by
A least squares fitting gives results ω Q (0)=78.2(1) Mrad/s and β=5.9(1)×10
Hf 8 Ni 21
The powder XRD pattern of Hf 8 Ni 21 is shown in figure 4 . The spectrum is fitted using the known crystallographic data of Hf 8 Ni 21 [15] . The X-ray analysis shows that there are no other peaks except for Hf 8 Ni 21 and this sample is also found to be produced in an almost pure single component phase. No contaminating phase is obtained from the XRD powder pattern.
The TDPAC spectra of 181 Ta in Hf 8 Ni 21 are shown in figure  5 . The spectrum at room temperature produces four interaction frequencies. The first two components at room temperature with site fractions 63% and 21% ( [11] .
After measurement at 1073 K, a re-measurement at 298 K is carried out. In the re-measurement, HfNi 3 is found to be predominant (∼62%) which appeared as a minor fraction (∼10%) initially at room temperature. Here, no component due to Hf 8 Ni 21 is observed. A small component fraction of Hf 8 Ni 21 found at 1073 K and absence of this fraction at remeasured room temperature indicates that Hf 8 Ni 21 is not a stable phase approximately above 1000 K. It is found also that, the component due to Hf probe atom re-appears at this temperature with a higher component fraction (∼25%). The quadrupole frequency and asymmetry parameter for this component (ω Q =50.8 Zr (2) 
DFT calculation
The first-principles density functional theory (DFT) calculations were performed to compare with the experimental results and to dispel the doubts existing in the interpretation of the experimental data. All the calculations were done with WIEN2k simulation package [28] , based on the full potential (linearized) augmented plane waves method (FP (L)APW). Electronic exchange-correlation energy was treated with generalized gradient approximation (GGA) parametrized by PerdewBurke-Ernzerhof (PBE) [29] . In our calculations the muffin-tin radii for Zr, Ni and Ta (Hf) were 2.3, 2.2 and 2.4 a. u., respectively. The cut-off parameter R mt K max for limiting the number of plane waves was set to 7.0, where R mt is the smallest value of all atomic sphere radii and K max is the largest reciprocal lattice vector used in the plane wave expansion.
The Brillouin zone integrations within the self-consistency cycles were performed via a tetrahedron method [30] , using 18 k points in the irreducible wedge of the Brillouin zone (4×3×3 mash). The atomic positions were relaxed according to Hellmann-Feynman forces calculated at the end of each self-consistent cycle, with the force minimization criterion 2 mRy/a.u.. In our calculations the self-consistency was achieved by demanding the convergence of the integrated charge difference between last two iterations to be smaller than 10
. Both Zr 8 Ni 21 and Hf 8 Ni 21 crystallize in the triclinic P1 type structure, which possesses 15 non-equivalent crystallographic positions [14, 15] , 4 for Zr (Hf) atoms and 11 for Ni atoms. All Zr (Hf) non-equivalent positions have the same point group symmetry 2i and 3 Zr and 12 Ni atoms as nearest neighbors, except Zr(3), which has 2 Hf and 13 Ni. Each of the four nonequivalent Zr (Hf) atoms in the unit cell, stated in references [14, 15] was replaced by Ta subsequently (figure 7, [31] ) preserving the point group symmetry around original atom and then electric field gradients at thus created Ta positions were calculated using the method developed in reference [32] .
The usual convention is to designate the largest component of the EFG tensor as V zz . The asymmetry parameter η is then given by η = (V xx − V yy )/V zz , where V zz ≥ V yy ≥ V xx . The calculated EFGs in the pure compounds as well as at Ta probe positions in the investigated compounds are given in Table 3 .
It can be observed that there is not much difference in the EFG values for four non-equivalent Zr positions in the pure Zr 8 Ni 21 compound. EFG is the smallest at Zr1 and the largest at Zr3. This trend is preserved also for the electric field gradients calculated at the corresponding Ta positions, but the EFGs are now about 2.5 times larger. In the pure Hf 8 Ni 21 compound, EFG values are about doubled, as compared to the corresponding ones for Zr 8 Ni 21 , but the η values are similar. Here, also, introduction of Ta atom at one of the non-equivalent Hf sites, leads to increased EFG values.
Discussion
In the temperature range 77-373 K, Zr 8 Ni 21 PAC spectra consist of three frequency components. A uniform conversion from the measured quadrupole frequencies to the EFGs is achieved using the value of 2.36×10 21 has four non-equivalent crystallographic positions with similar EFG and asymmetry parameter (Table 3) , in order to explain preferential site occupation, we performed ab initio total energy calculations for Ta doped Zr 8 Ni 21 and found that the configuration obtained when Ta replaces Zr(3) position has the lowest formation energy, about 0.013 eV lower than the structure when Ta is at Zr(1) postion. The formation energies of the remaining two configurations are about 0.1 eV higher.
At 1073 K, there is a drastic change of PAC spectrum in Zr 8 Ni 21 . At this temperature, EFG for the predominant component produces a zero value of η. A similar change in 181 Ta PAC spectra with increasing temperature above 650 K was observed in TiPd 2 compound [34] and was explained with the shift of Ta atom from Ti to Pd lattice site [34, 35] , but in our case, DFT calculations excluded that possibility, as all of the non-equivalent Ni sites in Zr 8 Ni 21 has η which differs from zero. We find a resemblance of EFG and η for the component 1 in Zr 8 (Table  3 ). The measured results show that quadrupole frequencies for the two corresponding sites in Zr 8 Ni 21 and Hf 8 Ni 21 vary in similar manner with temperature.
Conclusion
We have presented the time differential perturbed angular correlations measurements and DFT calculations to determine the electric field gradients in Zr 8 
